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A commercially available soft PZT wafer that is poled in thickness direction is subjected to
three different sets of loading environment, and variations of electric displacement in
thickness direction and longitudinal/transverse strains are measured over time. Pure ten-
sile stress creep experiments are made in short and open-circuit conditions. Different
material responses in the two electrical boundary conditions are explained by the effects
of piezoelectrically produced internal electric ﬁeld on linear material moduli and domain
switching mechanisms. The material responses under pure antiparallel electric ﬁeld load
and combined load are compared with each other and the differences are explained by
the opposite effects of longitudinal tensile stress on 90 domain switching.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Ferroelectric piezoceramics, e.g. lead titanate zirconate (PZT), have many useful characteristics such as large generative
force, quick response time, low power consumption and compactness. Due to these excellent properties, they have been
widely used in the ﬁelds of actuators, sensors, piezomotors, microscopy technologies, and so on. In the applications of
piezoceramic materials, reliable and time-independent responses to external electromechanical loads are desirable. Unfor-
tunately, their responses are really nonlinear and time-dependent, and hence their behavior has been the interesting subject
of researches for years. In these research, observed macroscopic behavior was interpreted in terms of domain switching in-
side crystallites of distinct orientations. For example, see Zhou and Kamlah (2006), Smith et al. (2006), Srivastava and Weng
(2007), Li and Fang (2005), Liu and Huber (2006, 2007), Selten et al. (2005), Zhou et al. (2004), Lynch (1996), and many oth-
ers. However, most of the researches are focused on nonlinear behavior of the materials under electric ﬁeld or compressive
stress loading. Only a few experimental studies have been made on tensile behavior of ferroelectric piezoceramics, mainly
due to the relatively low tensile strength compared to the compressive strength of the materials. Subbarao et al. (1957) and
Fett et al. (1998) observed stress-strain behavior of ceramic barium titanate and PZT, respectively, under mechanical tensile
and compressive stress. Fett and Thun (1998) observed creep behavior of PZT under tensile stress and proposed power law
equations for creep strain in short-circuit condition. Fett and Munz (2000) discussed about Young’s moduli measurements
under tensile and compressive stresses in short and open-circuit conditions. Guillon et al. (2004) measured tensile behavior
of PZT in short and open-circuit conditions and discussed about the differences between material responses in both types of
electrical boundary conditions. Recently, Lee et al. (2008) made tensile creep experiments on a PZT wafer poled in thickness
direction and measured longitudinal strain and electric displacement in short and open-circuit conditions. They proposed. All rights reserved.
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until now, creep behavior of a PZT wafer under combined loads of tensile stress and electric ﬁeld have not been understood
sufﬁciently.
In the present work, a PZT wafer poled in thickness direction is used as a specimen for creep experiments. The wafer is
subjected to three different sets of loading environment: pure longitudinal tensile stress, pure antiparallel electric ﬁeld, and
combined loads of tensile stress and electric ﬁeld. In the ﬁrst loading environment, various magnitudes of constant longitu-
dinal tensile stress are applied for a certain period of time. Absolute variations of electric displacement in thickness direction
are measured over time in short-circuit condition and longitudinal/transverse strains in both short and open-circuit condi-
tions. Different strain responses between short and open-circuit conditions are explained in terms of piezoelectrically pro-
duced internal electric ﬁeld. Then, pure electric ﬁelds are applied in the direction opposite to current polarization vector, and
evolutions of electric displacement and strain are measured. Finally, under combined loading of stress and electric ﬁeld, lon-
gitudinal and transverse strains are measured as well as electric displacement in thickness direction. It is thought that com-
plete polarization reversal is mainly composed of two successive 90 switchings. The differences in electric displacement
responses under pure electric ﬁeld loading and combined loading are explained using the opposite effects of longitudinal
tensile stress on each of the two 90 switchings.
Recently, rate-dependent three-dimensional free energy models based on thermal activation theory have been suggested
by Kim (2007a,b) and Kim and Seelecke (2007), where different energy barrier equations are proposed for different types of
switching processes. The present measured data can be useful in determining the material parameters associated with their
energy barrier models.
2. Experimental
A commercially available soft PZT wafer (3203HD, CTS, USA) of dimensions 71 mm  23 mm  0.5 mm was used for
experiments. The longitudinal, transverse, and thickness direction of the specimen wafer are denoted, respectively, by x1,Fig. 1. Schematic diagram of a poled PZT wafer subject to tensile stress in longitudinal direction and electric ﬁeld in thickness direction for measuring
strains in longitudinal and transverse directions and electric displacement in thickness direction.
718 S.-J. Kim, C.-H. Lee / International Journal of Solids and Structures 46 (2009) 716–725x2, and x3 directions, as shown in Fig. 1. Initially the PZTwafer is poled in the thickness direction. Various magnitudes of con-
stant tensile stress and antiparallel electric ﬁeld are applied, respectively, in the longitudinal and thickness direction of the
wafer. Tensile stress is applied by hanging a weight and electric ﬁeld by a power supply (Korea Switching Ltd., Korea).
Absolute variation of electric displacement (or polarization) in the thickness direction of the wafer was measured by a Saw-
yer-Tower bridge. In the Sawyer-Tower circuit, a reference capacitor (metalized polypropylene capacitor) of capacitance
120 lF was connected to the specimen in series, which is 1200 times larger than the PZT specimen capacitance 0.1 lF.
The voltage across the reference capacitor was measured by a Keithley 6514 electrometer. When a total of 450 V, for exam-
ple, was applied to the system, the maximum voltage across the reference capacitor was about 10 V, which corresponds to
negligible 2.5% error. Longitudinal and transverse strains were obtained by averaging measured strains from strain gauges
(AP-XX-T30S-120, CASKOREA, Korea) attached on the two opposite sides of the wafer. To protect the specimen and provide
proper insulation, four acryl ﬁxtures were made and bonded to both sides of the specimen by epoxy resin. Then they were
bolted in the upper and lower parts of the specimen and steel rods were inserted into the holes of the ﬁxtures. The rod in the
upper hole was simply supported by a rigid frame and the rod in the lower hole was used to hang a weight. Discharge circuits
were added to the system to remove the charges accumulated in the PZT specimen and the reference capacitor during
experiments.
Before creep experiments, simple experiments were carried out to measure initial linear material properties of the spec-
imen. A small stress of 1.5 MPa was applied in the longitudinal x1 direction to measure elastic and piezoelectric moduli and
an electric ﬁeld of 0.1 MV/m was applied in the current polarization direction to measure permittivity. The measured values
of longitudinal Young’s moduli in short and open-circuit conditions were YE = 6.0  1010 Pa and YD = 7.9  1010 Pa, respec-
tively; the measured Poisson’s ratio giving transverse strain from longitudinal one was mE = 0.22 and mD = 0.44 in short
and open-circuit conditions, respectively. The value of piezoelectric modulus relating longitudinal stress to polarization
change in thickness direction was observed to be d31 = 3.0  1010 m/V and that of permittivity in thickness direction
r = 4.0  108 C/V m. These measured values are relatively well compared with the corresponding values provided by
manufacturers, YE = 6.2  1010 Pa, YD = 7.0  1010 Pa, mE = 0.31, d31 = 3.2  1010 m/V, and r = 3.36  108 C/V m,
respectively.
Then large constant electric ﬁeld or stress are applied to observe creep behavior of the material, with all measurements
made at a sampling frequency of 10 Hz. First, each of seven different longitudinal tensile stresses 1.5, 3, 6, 9, 12, 15, 18 MPa
was applied for about 650 s in the order of increasing stress. At each stress level, open-circuit measurements were always
made before short-circuit ones, except 1.5 MPa with only short-circuit measurement. Longitudinal and transverse strains
were measured in both electrical boundary conditions, but absolute variation of electric displacement in thickness direction
was measured only in short-circuit condition. After each measurement was ﬁnished and applied stress was removed, a con-
stant electric ﬁeld of 0.9 MV/m, which is about 13% higher than the coercive ﬁeld of the material 0.8 MV/m, was applied in
the direction of initial polarization to recover initial polarized state. The recovering electric ﬁeld was applied for 650 s. Then
it was removed, and, after another 650 s under no electric ﬁeld, longitudinal strain was measured with the poled state as the
reference state for strain measure. The measured longitudinal strain was about 30  106, which are just 5% of the maximum
strain 600  106 obtained during stress loading. This shows that the macroscopic state of the specimen obtained by the ini-
tialization process is close to the original macroscopic state, leading us to repeated use of one specimen for stress-induced
creep experiments except 1.5 MPa loading case. When it is used to produce experimental data, a virgin specimen is trained
several times by applying a small tensile stress and subjecting it to the initialization process mentioned above. It was ob-
served that all specimens give similar results if they are subject to the training procedure. Similar initialization and training
procedures to recover the original state and to train a virgin specimen were used for pure electric ﬁeld and combined loading
experiments as well as stress creep experiments. That is, a virgin specimen was trained by repeating polarization reversals
under electric ﬁeld, before making real measurements in pure electric ﬁeld and combined loading experiments. In case of
combined loading, however, the specimen was broken at electric ﬁelds near 0.65 MV/m and a new specimen had to be used
for each electric ﬁeld level. In pure electric ﬁeld experiments, electric ﬁelds of various magnitudes, 0.1, 0.3, 0.6, 0.65, 0.675,
0.7, 0.725, 0.75, 0.8 and 0.9 MV/m, in the antiparallel x3 direction were applied in the order of increasing electric ﬁeld. In
this case, due to symmetry, longitudinal strain is equal to transverse strain. We measured strains along the two directions
45 rotated with respect to the +x3 direction and averaged them. Finally, the creep behavior of the wafer under combined
loading of electric ﬁeld and tensile stress was measured. The weight load is applied ﬁrst and then electric ﬁeld is applied.
The period of time between the two loadings is negligibly short compared to the whole period of loading time. The magni-
tudes of electric ﬁeld are the same as pure electric ﬁeld experiment and longitudinal tensile stress was kept constant at
6 MPa.3. Results and discussion
In this section, the measured creep responses of a soft PZT wafer under tensile stress in longitudinal direction and anti-
parallel electric ﬁeld in thickness direction are presented and discussed. First, the case of pure tensile stress loading in lon-
gitudinal direction is considered. While the wafer is subjected to various magnitudes of longitudinal tensile stress, strains in
x1 (or longitudinal) direction and x2 (or transverse) direction are measured from strain gauges attached on the sides of the
wafer. Fig. 2(a) and (b) show longitudinal and transverse strains, respectively. In the ﬁgures, the numbers 1.5, 3, 6, 9, 12, 15
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conditions, respectively. In short-circuit conditions, both sides of the wafer are connected electrically by wire, but in open-
circuit conditions they are not connected to each other electrically. As a result, absolute variations of electric displacement in
x3 (or thickness) direction can be measured only in case of short-circuit condition, which are shown in Fig. 3.
It is observed in Fig. 2 that the magnitudes of longitudinal strain are larger in short-circuit than in open-circuit, whereas
those of transverse strain smaller in short-circuit than in open-circuit. The difference of measured strains between the two
electrical boundary conditions can be explained using the piezoelectric equations between longitudinal stress r1, longitudi-
nal strain e1, transverse strain e2, electric ﬁeld intensity in thickness direction E3, and electric displacement in thickness
direction D3 given byFig. 3.
conditioe1 ¼ sEr1 þ d31E3;
e2 ¼ mEsEr1 þ d31E3;
D3 ¼ rE3 þ d31r1:
ð1ÞHere, sE represents elastic compliance modulus at constant electric ﬁeld in longitudinal x1 direction, mE Poisson’s ratio at
constant electric ﬁeld in (x1,x2)-plane, r permittivity at constant stress in thickness direction, and d31(<0) the piezoelectric0 100 200 300 400 500 600 700
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dinal direction. In open-circuit condition, the two opposite sides of the wafer are insulated from each other and this is equiv-
alent to the condition of constant electric displacement. Particularly, if we set D3 = 0 in (1)3, then we obtain an internal
electric ﬁeld given byFig. 4.
in open
tensile
electric
After swE3 ¼ ðd31=rÞr  Eint: ð2Þ
Inserting (2) into (1) and rearranging the resulting equations, we can derive elastic compliance modulus at constant electric
displacement sD in longitudinal x1 direction and Poisson’s ratio at constant electric displacement mD in (x1,x2)-plane given bysD ¼ sEð1 k231Þ;
mD ¼ ðmE þ k231Þ=ð1 k231Þ:
ð3Þk31 in (3) is transverse electromechanical coupling coefﬁcient deﬁned byk231 ¼ d231=ðsErÞ: ð4Þ
From (3)1, we can see that sD is smaller than sE. This means that Young’s modulus YD measured in open-circuit condition is
larger than YE measured in short-circuit condition. The material becomes more stiff in open-circuit environment. Therefore,
at least partially, the smaller longitudinal elastic stiffness coefﬁcient in short-circuit condition can be used to explain the
larger initial strain in short-circuit condition in Fig. 2(a). On the other hand, in (3)2, it is shown that Poisson’s ratio mD in
open-circuit is bigger than mE in short-circuit. This can be used to explain larger initial transverse contraction in open-circuit
condition in Fig. 2(b).
Smaller longitudinal elongation and larger transverse contraction in open-circuit condition under longitudinal tensile
stress have been explained in terms of smaller longitudinal elastic compliance coefﬁcient and larger Poisson’s ratio due to
the presence of piezoelectrically produced internal electric ﬁeld. However, the internal electric ﬁeld Eint, produced in
open-circuit condition, also plays a critical role in the switching behavior of the material. In order to explain the effects
of the internal electric ﬁeld on domain switching, we assume that a PZT wafer is composed of many crystallites of distinct
orientations. We also assume that each crystallite is always in a single domain state, having only one of six tetragonal lattices
at a time. Then a crystallite can be represented by an arrow of polarization vector in the schematic diagrams of Fig. 4, where
domain switching processes under longitudinal tensile stress are proposed for both short and open-circuit conditions. TheSchematic distributions of polarization vectors (a) at initial poled state, (c) after 90 switching in short-circuit condition, and (d) after 90 switching
-circuit condition under longitudinal tensile stress, and (b) a domain switching in a crystallite from domain A to domains B and C under longitudinal
stress. The big circles with small dots in (x1,x2)-plane represent the domains polarized close to +x3 direction. Eint is piezoelectrically induced internal
ﬁeld in open-circuit condition. (a) At initial poled state. (b) A domain switching in a crystallite. (c) After switching in short-circuit condition. (d)
itching in open-circuit condition.
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during compression in short and open-circuit conditions are schematically drawn. Once a critical condition of domain
switching is satisﬁed, one domain switches completely to another domain with different polarization direction in Fig. 4.
In a completely poled state along +x3 axis, polarization vectors in all crystallites of the material are distributed within a con-
ical region making about 45 with +x3 axis. The left diagram of Fig. 4(a) schematically shows the projected distribution of
polarization vectors in all crystallites of the poled wafer when it is seen from the +x3 direction, where each small circle with
a centered dot represents an arrow head of polarization vector of a crystallite and the large dotted circle the conical region
within which all polarization vectors are located in the poled state. The right diagram of Fig. 4(a) shows the projected dis-
tribution of polarization vectors when it is seen from the +x2 direction, where an arrow represents a polarization vector of a
crystallite.
In the present model, the Reuss assumption is employed to explain domain switching processes, where all crystallites are
assumed to subject to the same electric and stress ﬁeld. In short-circuit condition, applied tensile stress is the only driving
force for domain switching. Therefore, all crystallites of different orientations in the wafer are under the same stress ﬁeld
equal to applied tensile stress. Under longitudinal tensile stress applied parallel to x1 axis, the domains whose polarization
vectors are perpendicular to x1 axis become relatively unstable whereas the domains whose polarization vectors are parallel
to x1 axis become relatively stable. As a result, the crystallites with current polarization vectors perpendicular to x1 axis and
with one of its crystallographic axes parallel to x1 axis are switched ﬁrst to x1 directions, making 90 switching. For example,
consider a crystallite whose crystallographic axes (z1,z2,z3) are rotated by h with respect to +x3(or +z3) axis, as shown in the
two-dimensional diagram of Fig. 4(b). In the poled state, the polarization vector of the crystallite is in +x3 direction, as
denoted by A in the ﬁgure. However, when longitudinal tensile stress is applied parallel to x1 axis, the domain A becomes
unstable whereas domains B and C become stable. As a result, at a certain critical tensile stress, domain switchings occur
from domain A to domains B and C. With increasing stress, domains in other crystallites are switched sequentially in the
order of energy difference. A resultant polarization vector distribution is shown in Fig. 4(c), where most domains perpendic-
ular to x1 axis are switched to ±x1 directions. However, the switching process in open-circuit condition is different from that
of short-circuit, due to the presence of an internal electric ﬁeld Eint applied in +x3 direction. Now the domains whose polar-
ization directions are near the +x3 direction become more stable under the internal electric ﬁeld. Therefore, in open-circuit
condition, the domains whose polarization directions are perpendicular to x1 axis and at the same time far from the +x3
direction are switched ﬁrst, as shown in Fig. 4(d). Comparing Fig. 4(c) and (d), it is clear why longitudinal elongation in
x1 direction is larger in short-circuit than in open-circuit condition and transverse contraction is larger in open-circuit than
in short-circuit.
It is also interesting to note in Fig. 2(b) that initial transverse contraction is gradually decreased with time in short-circuit
condition in the stress range less than 15 MPa. That is, in short-circuit condition, the width of the specimen wafer is rapidly
decreased initially, but soon it increases gradually with time. Particularly, we pay attention to 1.5 MPa strain curve denoted
as 1.5(s) in the ﬁgure. We note that a separate specimen was used for 1.5 MPa experiment, which is the smallest tensile
stress available in the current experiment system. In the ﬁgure, it is shown that the value of transverse strain at 1.5 MPa
increases with time from initial large negative value up to or above zero strain. Though transverse strain does not always
increase above zero in all 1.5 MPa experiments, we have observed positive transverse strain in many specimens of
1.5 MPa experiments. That is, the width of the wafer increases above the original width 23 mm under longitudinal tensile
stress of 1.5 MPa. We call this interesting phenomenon as switching-induced negative Poisson effect. This apparent negative
Poisson effect is interesting, in that Lynch (1996) observed an apparent positive Poisson ratio of 0.5 in compressive stress
induced switching experiments on poled PLZT ceramics. Lynch applied compressive stress antiparallel to the poling direction,
whereas here tensile stress was applied perpendicular to the poling direction. The switching-induced negative Poisson effect
may be understood by 90 domain switchings as explained below. Initially, the width of the wafer decreases instantly mainly
due to real positive Poisson’s ratio. Instantaneous fast 90 switchings also occur near time t = 0 and contribute partially to the
initial large negative strain. Then, relatively slow 90 domain switchings occur gradually, leading to gradual increase of
transverse strain. The negative Poisson effect is explained by the opposite effects of the two, fast and slow, 90 switching
processes on the width of the specimen wafer. Since domains are packed more densely close to +x3 axis in the poled state,
it is probable that 90 switchings occur mainly from the domains centered around the +x3 axis at relatively small stresses.
Under small longitudinal tensile stress, domains perpendicular to x1 axis and packed close to +x3 axis switch to domains par-
allel to x1 axis. Among many domains that can be switched, the domains which have the variants more parallel to longitu-
dinal x1 axis are switched faster than the domains whose variants are polarized far away from x1 axis. The projected lengths
in transverse x2 direction of the latter domains are longer than those of the former domains after 90 switchings. For exam-
ple, the crystallite in Fig. 4(b) switches from domain A to domains B and C under longitudinal tensile stress and the projected
length in x2 direction gets longer by the switching. On the contrary, the domains with the variants polarized more parallel to
x1 axis may become shorter after switching. Therefore, it can be said that initial fast 90 switchings may contribute to initial
instantaneous negative transverse strain, whereas later slow 90 switchings contribute gradually increasing transverse
strain. Similar explanation can be applied to other loading stresses. However, when much more domains are switched at
high stresses, for example, at 18 MPa, negative Poisson effect is not observed clearly in the ﬁgure. In open-circuit condition,
the domains responsible for negative Poisson effect are less likely to switch due to the presence of internal electric ﬁeld and
hence no such effect is observed. This explanation is clearly shown in Fig. 2(b) by comparing the two strain curves, for exam-
ple, denoted as 3(s) and 3(0), where the former curve goes up but the latter goes down with time.
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electric ﬁeld are applied, i.e., 0.1, 0.3, 0.6, 0.65, 0.675, 0.7, 0.725, 0.75, 0.8 and 0.9 MV/m. Since it is poled in the +x3 direction,
the specimen wafer is transversely isotropic with respect to the x3 axis. Therefore, if pure electric ﬁeld is applied along the
symmetry axis, the values of measured longitudinal and transverse strains should be equal to each other. The measured val-
ues of strain under various magnitudes of electric ﬁeld are shown in Fig. 5(a) and absolute variations of electric displacement
in thickness direction in Fig. 5(b). From the ﬁgures, it is shown that a drastic domain switching occurs between 0.6 and
0.7 MV/m. This value is a little smaller than the value of coercive ﬁeld 0.8 MV/m provided by manufacturers. It is because
the value of coercive ﬁeld depends on the loading rate of electric ﬁeld. Manufacturers measured coercive ﬁeld at a certain
frequency less than 1 Hz, whereas here we have applied constant electric ﬁeld.
Now we apply a combined loading of antiparallel electric ﬁeld and longitudinal tensile stress. In addition to the ten dif-
ferent magnitudes of electric ﬁeld in Fig. 5, only one tensile stress 6 MPa is applied in longitudinal x1 direction. In this loading
environment, the material behavior is not symmetric with respect to the x3 axis any longer, and the values of longitudinal
strain are different from those of transverse strain. Longitudinal strains are shown in Fig. 6(a) and transverse strains in
Fig. 6(b). Absolute changes of electric displacement in thickness direction are shown in Fig. 7. As expected, the value of lon-
gitudinal strain is larger than that of transverse strain.
Comparing Fig. 5(b) and Fig. 7, we can see that the rates of increase in electric displacement get smaller in the range
of electric ﬁeld above 0.6 MV/m, whereas they get larger in the electric ﬁeld range below 0.6 MV/m, under combined
loading than under pure electrical loading. To clearly understand this opposite behavior, it is necessary to investigate
switching mechanisms in the two electric ﬁeld ranges. For this purpose, ﬁrst, we assume that total electric displace-
ment D3total(t) is composed of two parts: the linear change of electric displacement proportional to applied loads
and the change of electric displacement depending on the fractions of domain variants. Approximate values of linear
electric displacement D3lin(t) were obtained by assuming that permittivity r remains constant and piezoelectric mod-
ulus d31 is proportional to remanent polarization during domain switching. Then, absolute variation of switching-in-
duced electric displacement D3sw(t) is calculated by subtracting the linear electric displacement from total electric
displacement.Fig. 5.
thickneD3swðtÞ ¼ D3totalðtÞ  D3linðtÞ ¼ D3totalðtÞ  rE3 þ d^31ðPRÞr1: ð5Þ
Here, E3 is positive when it’s antiparallel and d^31ðPRÞ is given byd^31ðPRÞ ¼ d0 PRP0 ; ð6Þwhere P0 is the magnitude of remanent polarization at initial poled state and d0(<0) is the piezoelectric modulus when
PR = P0. The switching-induced electric displacements D3sw(t) are calculated for two magnitudes of electric ﬁeld 0.675 and
0.3 MV/m, and they are shown in Fig. 8. As mentioned before, at E3 = 0.675 MV/m, which is above 0.6 MV/m, electric dis-
placement due to switching gets smaller under combined loading. On the other hand, at E3 = 0.3 MV/m, which is below
0.6 MV/m, it gets larger under combined loading. It is thought that this opposite effect of longitudinal tensile stress results
from opposite distributions of polarization vectors at the two electric ﬁelds. At the small electric ﬁeld 0.3 MV/m, polarization
vectors in most crystallites still stay in +x3 direction, whereas at the large electric ﬁeld 0.675 MV/m, they are reversed and0 100 200 300 400 500 600
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and various magnitudes of antiparallel electric ﬁeld in thickness direction. (a) Longitudinal strain. (b) Transverse strain.
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unstable and domains parallel to x1 axis become stable. As a result, some of the domains pointing toward +x3 direction at
E3 = 0.3 MV/m are switched to x1 directions, resulting in electric displacement increase. On the other hand, some of the do-
mains polarized in x3 direction at E3 = 0.675 MV/m are switched back to x1 directions, leading to electric displacement
decrease.
Finally, it is interesting to compare the degree of participation of 90 switching under different loading environments.
Lynch (1996), in his experiments on PLZT poled ceramics, observed that compressive stress induced switching is a vol-
ume-conserving process. The observation motivates us here to assume that the sum of three switching-induced strain com-
ponents is zero. The strain component in thickness direction remains negative between two poled states with opposite
polarization directions. The sum of switching-induced in-plane strains, thus, remains positive between the two poled states.
The larger magnitude of strain in thickness direction, the more participation of 90 switching processes, because 180
switching does not make any deformation. Therefore, the sum of switching-induced longitudinal and transverse strains,
e1sw(t) + e2sw(t), can be used as a measure of the degree of participation of 90 switching. As in switching-induced electric
displacement, switching-induced longitudinal strain e1sw(t), which depends only on the fractions of variants, is obtained
by subtracting linear longitudinal strain e1lin(t) from total longitudinal strain e1total(t). Switching-induced transverse strain
e2sw(t) can be calculated in a similar way.
0 100 200 300 400 500 600
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Time (sec)
El
ec
tri
c 
di
sp
la
ce
m
en
t d
ue
to
sw
itc
hi
ng
(C
/m
2 )
0.675
MV/m
& 6 M
Pa
0.675 MV/m
0.3 MV/m
0.3 MV/m & 6 MPa
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Fig.
724 S.-J. Kim, C.-H. Lee / International Journal of Solids and Structures 46 (2009) 716–725e1swðtÞ ¼ e1totalðtÞ  e1linðtÞ ¼ e1totalðtÞ  r1=YE þ d^31ðPRÞE3;
e2swðtÞ ¼ e2totalðtÞ  e2linðtÞ ¼ e2totalðtÞ þ mEr1=YE þ d^31ðPRÞE3;
ð7Þwhere E3 is positive when it’s antiparallel. In (7), it was assumed that elastic moduli, YE and mE, remain constant, but
piezoelectric modulus d31 varies according to (6) and remains isotropic with respect to x3. In Fig. 9, the sum of switch-
ing-induced in-plane strains is calculated and drawn for three loading cases: combined loading of 0.675 MV/m and 6 MPa
(long dashed line), pure electric ﬁeld of 0.675 MV/m (solid line), and pure longitudinal stress of 6 MPa (dashed and dou-
ble-dotted line). Switching-induced longitudinal strain (dashed line) and switching-induced transverse strain (dashed and
dotted line) in combined loading case are also drawn in the ﬁgure. First of all, in the ﬁgure, it is seen that the maximum
value of the sum of in-plane strains is 1813  106 at time t = 13 s under pure electric ﬁeld loading, but it increases up to
2021  106 at a little later time t = 40 under combined loading. This observation shows that more domains participate
in ferroelastic switching and the rate of polarization reversal becomes slower under combined loading. In addition, by
comparing switching-induced longitudinal strain and transverse strain curves, we can ﬁnd out the sequence of various
90 switchings. Maximum transverse strain occurs at time t = 36 s but maximum longitudinal strain occurs a little later
at time t = 45 s. This indicates that 90 switchings from transverse x2 direction to longitudinal x1 direction start to occur
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A commercially available PZTwafer poled in thickness direction is subjected to three different types of loadings: pure lon-
gitudinal tensile stress, pure antiparallel electric ﬁeld, and combined loading of longitudinal tensile stress and antiparallel
electric ﬁeld. When the wafer is subjected to pure tensile stress in longitudinal direction, longitudinal and transverse strains
are measured over time in both short and open-circuit conditions, but absolute variations of electric displacement in thick-
ness direction are measured in short-circuit condition only. The magnitudes of longitudinal elongation in short-circuit con-
dition are larger than those in open-circuit condition, whereas the magnitudes of transverse contraction in short-circuit are
smaller than those in open-circuit. This difference was explained by the presence of piezoelectrically produced internal elec-
tric ﬁeld in open-circuit condition. Owing to the internal ﬁeld, both Young’s modulus in longitudinal direction and Poisson’s
ratio of transverse strain over longitudinal one are larger in open-circuit than in short-circuit condition. The difference was
also explained in terms of different switching mechanisms due to the internal electric ﬁeld. In short-circuit condition, those
domains whose polarization vectors are more perpendicular to the longitudinal axis are ﬁrst switched to longitudinal direc-
tion. However, in open-circuit condition, with the presence of internal electric ﬁeld supporting the current polarization
direction, those domains farther away from the thickness x3 axis are ﬁrst switched to longitudinal direction, leading to smal-
ler longitudinal elongation and larger transverse contraction. In addition, in relatively small longitudinal tensile stress and
short-circuit condition experiments, it was observed that the width of the specimen wafer increases with time, which is con-
trary to what is expected. This interesting phenomenon was called as switching-induced negative Poisson effect. An expla-
nation based on 90 switchings was proposed to explain the observed negative Poisson effect.
When the wafer is subjected to electric ﬁeld antiparallel to initial polarization direction, the material remains isotropic
with respect to the thickness direction and polarization direction is reversed via repeated 90 or single 180 switchings. If
longitudinal tensile stress is added to the wafer, more domains participate in 90 switchings, as indicated by the larger
sum of longitudinal and transverse switching-induced strains in combined loading than in pure electric ﬁeld loading. It is
also shown that some domains are subject to in-plane 90 switching from transverse direction to longitudinal direction un-
der combined loading. Finally, it was shown that the effect of longitudinal tensile stress in combined loading can be opposite,
depending on the magnitude of electric ﬁeld. At small electric ﬁelds below 0.6 MV/m, the tensile stress promotes electric
displacement increase by encouraging 90 switchings from +x3 direction to ±x1 directions, whereas, at large electric ﬁelds
above 0.6 MV/m, it holds back electric displacement increase by resisting 90 switchings from ±x1 directions to x3 direction.
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